objective There is an urgent need to test and incorporate new molecules with promising efficacy and novel mode of action to control insecticide-resistant mosquito vectors for disease control. We tested a new compound, clothianidin (SumiShield 50 WG), for its efficacy as an indoor residual spray (IRS) for the control of pyrethroid-resistant Anopheles culicifacies (Diptera: Culicidae) in comparison with pirimiphos methyl (Actellic CS) as a positive control.
Introduction
Indoor residual spraying (IRS) and long-lasting insecticidal nets (LLINs) are promising tools for the control of malaria vectors worldwide [1] . Four classes of chemical insecticides -organochlorines, organophosphates, synthetic pyrethroids and carbamates -have been used for indoor residual spraying in many countries for several years; synthetic pyrethroids are mainly used for impregnation of nets. Due to continued use of these insecticides in public health and also in agriculture, mosquito vectors have developed resistance to one or more groups of insecticides in many areas. Insecticide resistance is being reported in 64 countries where malaria is occurring, especially in Africa and India [2, 3] . In several foci in India, Anopheles vectors have developed resistance to DDT, [ Correction added on 25 April 2018, after first online publication: The author, Neena Valecha was inadvertently omitted and has now been added as part of the authorship.] malathion and synthetic pyrethroids [4] [5] [6] [7] [8] . New formulations with novel mode of action are required for the control of resistant vectors. Neonicotinoids are one such alternative.
Neonicotinoids are systemic toxins which act on the insect nervous system and cause irreversible blockage of post-synaptic nicotinergic acetyl choline receptors [9] . As per the Insecticide Resistance Action Committee Mode of Action classification (IRAC MoA), these are classified in nicotinic acetylcholine receptor (nAChR) agonists and grouped in 4A [10] . Neonicotinoids are being used extensively for insect control and have attracted great attention for their high efficacy, safety to mammals, low toxicity, no cross-resistance and unique mode of action [11] [12] [13] [14] [15] [16] [17] . Clothianidin, a nitroguanidine, is one of the neonicotinoids with promising insecticidal properties. Sumitomo Chemical Company, Japan has developed a formulation containing clothianidin with a brand name SumiShield â 50 WG. Preliminary studies conducted on this product as per the information provided by the manufacturer showed promising efficacy lasting 7 months against Anopheles gambiae (Diptera: Culicidae) in experimental hut trials in Africa. The formulation is a waterdispersible granule with 50% active ingredient of clothianidin w/w. In this study, the efficacy of SumiShield was tested as an indoor residual spray in comparison with pirimiphos methyl (Actellic CS) as a positive control against Anopheles culicifacies (Diptera: Culicidae) in Almatti Dam catchment area in Karnataka state, India. The main objectives were to assess the impact of SumiShield 50 WG indoor residual spraying in comparison with Actellic CS on vector potential by monitoring entomological indices, and to assess SumiShield's operational feasibility, ease of application, community perceptions and safety.
Materials and methods

Test arms
The test formulation of SumiShield 50 WG contained clothianidin (IUPAC formula (E)-N-[(2-chloro-1, 3-thiazol-5-yl) methyl]-N-methyl-N-nitroguanidine and chemical formula: C6H8ClN5O2S) 50% (w/w). A waterdispersible granule formulation packed in sachets containing 150 g formulated product was tested in the study.
Actellic 300 CS is a microencapsulated formulation of pirimiphos methyl, an organophosphate (IUPAC formula 0-[2-(diethylamino)-6-methyl-4-pyrimidinyl]0,0-dimethylphosphorothioate; chemical formula C 11 H 20 N 3 O 3 PS). The insecticide is supplied in 1-l bottles and is water-soluble.
Study area
The Phase III study was conducted in 10 villages of Bagalkot and Vijayapura districts of Upper Krishna Project area of Karnataka state, India. The two districts are separated by the River Krishna. The study villages are located on the embankments of the river. The area is semi-arid and hot with an average annual rainfall of 553 mm. The monsoon season is from June to October. The highest mean monthly rainfall is 149 mm in September; the lowest is 3 mm in February. Agriculture is the major occupation of the people. Productivity of An. culicifacies mosquitoes is very high in these villages. Temperatures range from 20.3 to 45°C. The entire area is interrupted by numerous seasonal streams.
Selection of participating villages
Baseline entomological collections were performed in 18 villages from April to July 2016. Based on baseline mosquito prevalence, 10 villages were selected in consultation with the Senior Health Officer, Almatti. The villages were segregated into two arms with comparable mosquito prevalence, number of houses and population by simple random method. The study took place from April 2016 to March 2017.
Community consent, information and census
The sarpanch (elected village head), other members of the village panchayat (council) and opinion leaders were apprised about the study and their consent for active cooperation was solicited. A baseline household survey was carried out in each of the selected villages using a structured questionnaire. Information was collected on the size of family, occupation, average family income, type of house, number of rooms, sleeping units in the house, availability of nets/ITNs, etc. Houses were counted and details recorded. All houses in the villages, including those situated away from the main village in hamlets, were surveyed, assigned unique numbers and marked with an indelible ink.
Susceptibility of malaria vectors to insecticides
Baseline studies were carried out using WHO diagnostic test papers following the standard WHO tube method [18, 19] to determine the susceptibility status of An. culicifacies (sugar-fed, F 1 generation of wild-caught females) to deltamethrin (0.05%) and pirimiphos methyl (0.25%). Mosquitoes were exposed for 1 h to treated papers and mortality was recorded after 24 hours of holding.
Units of comparability and randomisation
The 10 villages selected were stratified according to the vector prevalence after three baseline entomological collections over 3 months. Villages were randomised into two intervention arms representing comparative communities (hamlets or villages) with about equal population/ households.
Selection of sentinel houses and informed consent procedure
All households which consented in the selected villages were sprayed with either the test or the control insecticide. For this purpose, verbal consent of the community leader (s) was obtained while no consent was obtained from individual households for spraying. In the study area, majority of the houses are cement walls with cement plastering and mud plastered walls with lime coating. From our experience, An. culicifacies prefer to rest in the latter type of houses. Considering this, suitable houses were selected for monitoring of vector population as sentinel houses. After obtaining informed consent of the household, mosquitoes were collected from a number of rooms. In those rooms where exit traps were fixed, the eaves were covered from inside with black cloth and two exit traps were fitted on the windows/walls facing east/north.
Indoor residual spraying and information sheet for spray men
In the study area, monsoon usually breaks in during midJune and main malaria transmission season begins from July; therefore, houses in the study villages were sprayed during August 2016. Indoor residual spraying was performed using hand-operated compression sprayers fitted with new flat fan 8002E nozzle according to WHO guidelines [20] . At 4 bar (58 psi) tank pressure and the Control Flow Valve set at 1.5 bar, the discharge rate of the sprayer is 550 AE 10 ml/min or 30 ml/m 2 . The spray pumps were calibrated to obtain uniform and good-quality spraying of the targeted dose. A distance of about 45 cm between the nozzle and the surface to be treated was assured by training spray workers.
Only one round of spraying was performed. All dwelling rooms excluding kitchen and cattle shelters in use in the villages were sprayed. Spray men were employed by NIMR for spraying of insecticide in the assigned villages. Spray men were recruited and trained for correct application. Appropriate protective equipment was provided to spray men and operators (hats, overalls, rubber boots, gloves and face masks), as well as an information sheet on the study, safety precautions to be taken, possible adverse events in case of inappropriate spraying and provision for medical care.
The Medical Officer and health staff of the concerned PHC were actively involved during the spraying operations especially to attend to any medical illnesses of the spray men, inhabitants and the supervisory staff. All leftover insecticides, sachets and bottles were properly disposed of as per standard procedures [20] .
Safety precautions by householders
At the time of spraying the houses, the households were advised by a spray team supervisor to take safety precautions to avoid possible risks during and after the spray of their house. They were advised to remain out of the rooms during the spray and for 2-3 h after spraying. Adults present at the time of spraying were advised to ask their children not to intentionally touch the sprayed walls for at least one day after spraying as the walls remained wet for about a day. Householders were advised not to mutilate or scrub the walls intentionally.
Assessment of the quality of treatment
The spray men were trained in proper spray technique and equipment maintenance and the pumps were calibrated everyday. To assess the accuracy of spraying, round Whatman No. 1 filter papers were fixed with metal all-pins with papers supported at a distance from the wall to avoid any run off from the wall above contacting the paper and affecting the results. Papers were fixed before spraying (2-3 papers 9 5 separate randomly selected rooms 9 five villages, then removed once dry for chemical analysis).
On removal from the wall, filter paper samples were placed individually in aluminium foil with appropriate label (house number, substrate, date and also location on the wall such as top, middle and bottom) and stored in a refrigerator at +4°C until sent to the WHO collaborating centre in Gembloux, Belgium for chemical analysis. After analysis, the average target concentration of insecticide (expressed in mg AI/m²) was calculated. The spots where filter papers were placed were marked to avoid placement of cones exactly on them during the subsequent cone bioassay tests.
Entomological evaluation
Cone bioassay tests. To determine the efficacy and persistence of insecticide sprayed on local surfaces, contact bioassays were carried out using PVC cones following the WHO instructions [21] . For bioassay, the cones were attached to the surface using paper tape. Laboratoryreared strain of An. culicifacies females (collected from Almatti area, colonised; the species is resistant to deltamethrin 0.05% and susceptible to pirimiphos methyl 0.25%); 3-5 days old and sugar-fed were used in bioassays. Four replicates of 10 mosquitoes were used. After 30 min of exposure to the sprayed surface, mosquitoes were removed gently from the cones and kept in plastic cups covered with a netting piece. Mosquitoes were provided with cotton wool moistened with 10% glucose solution and kept at 28 AE 2°C temperature and >80% RH. Knock-down was recorded after 60 min since beginning of the exposure and mortality was scored at 24, 48, 72, 96 and 120 h post-exposure. Bioassays were conducted at monthly intervals. Data of all the villages were pooled for each interval, mortalities were calculated and presented. When the mortality recorded was <80% for consecutive fortnights, further assessment was terminated. Mortality was corrected by applying Abbott's formula, whenever the mortality in control replicates lied between 5% and 20% [22] .
Vector density indoors. To measure the impact of spraying, the following parameters were monitored and recorded as follows: vector density, whole-night mosquito collections, light trap collections (LTC), parous rate in 2 sentinel rooms selected in each of the five study villages in each study arm. In two sentinel rooms in each village of intervention arms, exit trap collections, floor sheet collections, hand catches, pyrethrum spray collections (PSC) were performed at monthly intervals.
Man-hour density. Two insect collectors collected mosquitoes for 15 min in each structure randomly in four houses per village using suction tube and flashlight every month in all intervention villages. The total number of mosquitoes collected in one hour is represented as manhour density.
Per-room density. These collections were performed monthly in two sentinel rooms selected for this purpose in each village. Exit traps were fitted before sunset in the designated windows with the help of the householders. On the following morning, live mosquitoes found resting in the exit trap cage were collected with the help of an aspirator tube and transferred to plastic cups lined with a net piece and provided with cotton wool pad soaked with 10% glucose solution. Delayed mortality was recorded after holding them for 24, 48, 72, 96 and 120 h. Dead mosquitoes from the exit trap were collected carefully and placed in cups provided with moist cotton wool for identification of species. In the evening before the day of mosquito collection, white cloth sheets were spread on the floor of the room with the cooperation of householders before they retired to bed. Next morning mosquitoes found dead on cloth sheets were picked up by entomology staff carefully using forceps and placed in the cups provided with moist cotton wool and taken for identification to species. After the collections from floor sheets, exit traps were completed, mosquitoes resting in the room were caught using an aspirator tube and flashlight for 15 min by two well-trained mosquito collector(s). Live mosquitoes were kept in cups provided with cotton wool moistened with 10% glucose solution to observe delayed mortality after 24, 48, 72, 96 and 120 h. Then, the room was sprayed with a d-trans-allethrin 0.25% w/ w aerosol (Brand name HIT, Godrej Consumer Products Ltd. Mumbai, India) starting from an inner corner of the room and closed. After 15 min, the room was opened, well-ventilated and all mosquitoes found dead on the floor sheets were collected using forceps. All mosquitoes collected by hand aspirator and PSC methods were identified to species and recorded. All mosquitoes (both alive and dead) in the room collected through the four methods represent per-room density.
Light trap collection. LTC were performed monthly in the sentinel villages but in two rooms different from those fixed for PSC. Two battery-operated CDC miniature light traps were hung 1.5 m above the floor indoors and outdoors in each village in each of the study arms and operated from 1800 hrs to 0600 hrs under supervision of entomological field staff. Thus, 10 LTCs per month and per study arm were made. Trapped mosquitoes were identified and processed to calculate density per light trap.
Human landing catches. Dusk to dawn (from 1800 to 0600 hours) human landing catches were carried out indoors once in a month in two fixed sentinel houses in each village by trained entomological staff. The collectors were NIMR staff well trained in this procedure. A human volunteer serving as a bait was used for these collections after obtaining voluntary, informed consent beforehand. Two insect collectors were deployed for collecting the mosquitoes landing on the bait. Care was taken by the collectors to collect mosquitoes landing on exposed legs but before probing as per the standard WHO method. Number and species of mosquitoes caught for each hour of night was recorded separately and processed. Entomological collectors involved in landing catches were provided with chemoprophylaxis according to the guidelines of the National Vector-borne Disease Control Programme, Govt. of India.
Measurement of parous rate and sporozoite rate. All mosquitoes collected by different methods were morphologically identified to species and their gonotrophic stages were recorded. Sporozoite and parous condition were determined by dissection method. Sporozoite analysis was also performed by ELISA method as per the procedure prescribed by Centers for Disease Control and Prevention, Atlanta, USA [23] [24] [25] . Monoclonal antibodies (Pf, Pv210, Pv247) were procured from CDC Atlanta, USA. All chemicals and reagents used were procured from Sigma.
Perceptions of spray men and householders
An assessment of the adverse effects was made using a questionnaire. All spray men were interviewed at the end of the day of spraying and again the following morning and one week later. Data were recorded in standard formats and the Senior Health Officer, Almatti examined all the spray men. The field team visited the villages one month after spraying to record perceptions (benefits or adverse effects) of the households. The team administered a questionnaire on 30 randomly selected households per study arm. In each house, a head/adult person was asked to respond.
Data analysis
Data were entered in the prescribed forms and were analysed as per the requirement. Data on chemical analysis provided by the collaborative centre of WHO (Gembloux, Belgium) were analysed to give average target concentration of the insecticide per m². Student's t-test and Fisher's exact tests were used for analysing the data. 
Ethics
Results
Insecticide susceptibility tests revealed that the An. culicifacies in the study villages was resistant to deltamethrin 0.05% (86% mortality) impregnated papers and 100% susceptible to pirimiphos methyl 0.25%. Five villages were included in an arm with comparable number of houses and population. Entomological data of all these ten villages before spraying are shown in Table 1 .
Details of population, number of houses, number of houses targeted and sprayed are shown in Table 2 . Spraying was completed in all villages during the month of August. The total population of villages included in the SumiShield arm was 8361 with 1633 houses, whereas the population of the Actellic arm was 6798 with 1381 houses in all the five villages. The total number of houses targeted in the SumiShield arm was 1200; in the Actellic arm, it was 1089. Altogether, 895 houses were sprayed with SumiShield and 811 with Actellic. In all, 374 houses were found locked in the SumiShield arm against 306 in the Actellic arm; 364 persons refused to spray their houses in the SumiShield arm in spite of mop up and convincing and 212 households refused spray in their homes in the Actellic arm. Despite of repeated mop-up activities by state health and project staff, spray coverage of more than 80% could not be achieved.
Residual activity of insecticides sprayed as assessed from contact bioassays at monthly interval is shown in Table 3 . Residual activity (≥80% mortality in exposed mosquitoes post-exposure) of SumiShield was 5 months at 24-h holding period, and extended holding of 120 h resulted in efficacy of 6 months post-spray. That of Actellic was 4 months.
Results of chemical analysis of filter paper samples collected from sprayed villages are presented in Table 4 . The results revealed that the mean applied content of clothianidin was 516 mg/m 2 (n = 29 samples from all the five villages) and the mean applied to target ratio was 1.7 (range 0.8-2.4 in five villages). In case of the Actellic arm, the mean content of the insecticide sprayed was 1771 mg/m 2 (n = 50) and the mean applied to target ratio was 1.8 (range 1.5-2.1 in the five villages).
Mean man-hour densities of An. culicifacies and all other mosquitoes collected from different sprayed villages are shown in Figure 1 . The mean pre-spray densities of An. culicifacies ranged from 30 to 91 in SumiShield villages and fell to 0.8-15 during the seven months postspray. In the Actellic arm, mean pre-spray density of An. culicifacies was 28 to 61 and fell to 2.4 to 20 postspray. There were no significant differences in mean densities of mosquitoes in both the arms during the postspray period (P > 0.05).
Mean numbers of mosquitoes collected per light trap of An. culicifacies and other mosquitoes are presented in Figure 2 . Before spray operations, the light trap density of An. culicifacies in the SumiShield arm was higher indoors than toutdoors, whereas post-spray, the density per light trap had reduced drastically. This trend was also observed for density of all other mosquitoes. Similarly in the Actellic CS arm, the indoor densities fell considerably. There was no significant difference between the two insecticides up to 6 months post-spray. The density per light trap of all other mosquitoes was more or less comparable up to 5 months between the two arms and increased in the Actellic arm compared to the SumiShield arm in the 6th and 7th months post-spray, which indicated extended efficacy of SumiShield in controlling the mosquitoes.
Per-room densities of An. culicifacies and other mosquitoes in a single room in each sprayed village of both the arms are shown in Figure 3 . The results indicate equal effectiveness of both insecticides as the densities are similar post-spray for up to 4 months; later, there were lower densities reported in SumiShield-sprayed villages than Actellic-sprayed villages indicating extended persistence of effectiveness of SumiShield.
Results of whole-night human landing collections in both study arms are shown in Figure 4 . There was no biting of An. culicifacies in either arm except in November, when few mosquitoes were collected in both arms. Other mosquito landings were also rare, indicating the effectiveness of insecticide spray. SumiShield efficacy was more or less comparable to the efficacy of Actellic in reducing mosquito bites.
All unfed female mosquitoes were dissected for distended tracheolar skeins and 12 of 48 were found parous in Actellic arm vs. 14 of 41 in the SumiShield arm. There was no statistically significant difference in parity rates between the two interventions (P > 0.05; Fisher's Exact test). Sporozoite ELISA was performed to detect sporozoites in fed Anopheles mosquitoes and one mosquito in each arm was found positive for Pf.
Experience of bad smell was the major perception reported by 54 of 66 households in the Actellic arm, vs. seven of 58 in the SumiShield arm. Sneezing was the major adverse event reported by the inhabitants postspray (eight of 66 in the Actellic arm as against 13 of 58 in the SumiShield arm) followed by facial burning and headache in very few cases. These events were transitory in nature and subsided without medication. All inhabitants asserted the effectiveness of the insecticides in reducing the mosquito nuisance in their houses postspray.
Discussion
Mosquito vectors are developing resistance to one or more insecticide compounds used in public health programs and thereby diluting the success of vector control vis a vis disease control in several countries [2, 26] . In India, An. culicifacies is the primary malaria vector especially in rural areas and is responsible for transmission of 60-65% malaria cases reported in the country [27] . In the absence of effective insecticides in vector control programmes, there is an urgent need to investigate new compounds with novel mode of action, extended efficacy and residual activity to counter the development of insecticide resistance in mosquito vectors.
The results were promising and the residual efficacy was found to be about six months. The mean densities of An. culicifacies in SumiShield-sprayed villages have come down drastically in the 7 months post-spray. In the Actellic arm, the mean density of An. culicifacies also dropped drastically post-spray. In LTCs, density of mosquitoes collected indoor was lower than outdoors in both arms indicating effectiveness of IRS. SumiShield showed extended efficacy in reducing the per-structure density compared to Actellic. The proportion of nulliparous mosquitoes was higher than the parous mosquitoes during post-spray collections in both the arms indicating the effectiveness of IRS in reducing the longevity of mosquitoes. The majority of adverse events reported was transitory and subsided without medication. The applied to target ratio of both insecticides was higher than the expected which could be due to several operational reasons during spraying operations. However, in both the arms, the ratios are comparable and this might of one of the reasons for sneezing and some other events reported by the inhabitants. Clothianidin belongs to the neonicotinoid class and the neonicotinoids specifically target nicotinic acetylcholine receptors in post-synaptic nervous system [10] . Neonicotinoids are selective to insects because of the differential sensitivity of insect and vertebrate nACHR subtypes and they possess low mammalian toxicity, and no crossresistance to other insecticides [9, [11] [12] [13] [14] [15] [16] . Furthermore, their mode of action is different from the insecticides in use in vector control programs, and could be used for 1  80  93  97  100  100  100  100  40  0  0  0  0  0  2  40  90  85  88  95  95  100  20  10  10  10  10  10  3  40  88  95  95  95  98  98  20  10  10  10  10 can be used for IRS for the control of pyrethroid-resistant vectors.
Conclusion
Indoor residual spraying with SumiShield was found effective, operationally feasible, safe and effective for up to six months.
